The post-operative situation in a stented vessel is characterised by struts which extend into the vessel lumen. These barriers on the surface provoke a topological change of the blood flow inducing flow deceleration and stagnation zones. Low values of wall shear stress (WSS) especially up-and downstream of the struts are found accordingly. Clinical studies correlate the occurrence of complications like restenosis and thrombosis with the alteration of the spatial WSS distribution. In this study 3D computational models were used to characterise the flow topology of three different stent types. For this purpose steady state simulations of the flow field within a simplified stented coronary artery were performed. The stent types differ in their strut patterns so that the variation of the induced flow structures can be observed. The aim of these investigations is to evaluate the effect of a purposeful flow control by altering the design of the struts. An improved alignment of the struts will be able to guide the flow to benefit the spatial WSS distribution. To compare the performance of the different stent types the size of the area charged with a WSS value below 0.5 Pa is used as a criterion. We will demonstrate that those strut pattern which generate helical flow structures significantly reduce the critical region of low WSS values.
Introduction
In industrial countries cardiovascular diseases are some of the most common causes of death, and as such, coronary heart disease in particular is a focus of research. One option of treatment is the implantation of a stent. A stent can generally be described as a mesh-like micro structure, which braces the vessel wall to ensure the required blood flow.
A stent implantation often leads to post-operative complications like in-stent restenosis and thrombosis. It is commonly accepted that an alteration of the wall shear stress (WSS) distribution correlates with the occurrence of a restenosis [1 -3] . Statistical investigations pointed out that particularly low WSS values are related with in-stent restenosis [4, 5] . Due to the fact that the stent struts extend into the vessel lumen the topology of the blood flow is changed. For example, flow stagnation and recirculation zones can be observed up-and downstream of the stent struts. Hence the WSS decreases in these regions compared to the undisturbed blood flow. Drug eluting stents (DES) were introduced to deal with these complications. Nowadays this stent type is established and 80% of the implanted stents are of the DES type. The DES are based on bare metal stents (BMS) whose struts are covered with a drug layer. After the implantation a drug to treat a neointimal hyperplasia (NIH) is eluted into the vessel wall as well as into the blood flow.
However, several medical investigations indicate that there is no difference between the BMS and the DES [6] . Moreover a few studies state that DES could cause late stent thrombosis [7] and could even lead to sudden death [8] .
So, both facts, the unfavourable flow topology changes by the stent struts on the one hand and the disadvantages of the DES on the other hand, lead to the conclusion that there is a strong need for a flow analysis in stented vessels to locate regions of low WSS values. Subsequently the stent design regarding fluid mechanical aspects can be optimised, so that a pharmaceutical suppression of the restenosis by a DES will not be necessary. Therefore the primary focus of our investigations will be to minimise the regions of low WSS [9, 10] . Already investi gated different stent designs with respect to their WSS distribution pointed out that the strut pattern has a large influence on the flow near the wall and therefore on the WSS distribution. Both authors used a critical value of 0.5 Pa for the WSS to compare the performance of the stents. Areas with a WSS magnitude below 0.5 Pa are known to correlate with strong intimal thickening [11] . Furthermore [12] described the influence of secondary flow on the WSS distribution. In our previous investigation about the influence of the struts thickness and width on the WSS distribution [13] , secondary flow was observed as well. Especially, the helical motions induced by the struts appeared to be a promising effect. Clinical studies and numerical simulations have demonstrated that helical flow motion is occurring naturally in a healthy vascular system [14 -17] . According to [18] the helical flow minimises flow separation and turbulence. Additionally [19] pointed out that helical flow structures have a positive effect regarding atherosclerotic lesions. A survey of the positive effects on the vascular system resulting from helical flow is given by [20] .
The postoperative situation in the stented vessel featuring uncovered struts which extend into the lumen cannot be avoided. As a working thesis we suggest that an elaborate arrangement of struts can induce helical flow structures. With the pitch of this helical flow motion in accordance with the pitch of the struts the flow will be guided along the struts. This will lead to a reduction of flow deceleration and, subsequently, to a prevention of recirculation zones. Therefore the flow topology and wall shear stress (WSS) distribution of three different stent designs containing the mirror, row and helical pattern stent is analysed in this numerical investigation. Hereby the feasibility and the potency of the induced and guided helical flow structures in stented vessels are proven.
Materials and methods

Stent designs
The stent models are located in a straight tube with a diameter of D = 3.5 mm and a length of 10 D . The stents are located 3 D downstream of the inlet of the tube und they extend to a length of 4 D . To avoid Dean vortex structures [21, 22] modelling the vessel surface as a straight tube was preferred to a curved tube. Hence secondary fl ows observed in the results defi nitely relate to the stent struts.
The fl ow analyses were performed for three diff erent stent designs covering the mirror, row and helical type of design. The designs used for the numerical investigations are simplifi ed so that only the basic strut patterns without connectors are considered. For every stent design two diff erent struts with rectangular cross sections were investigated. In all cases the strut width is 100 μ m and the thickness is 100 μ m and 200 μ m, respectively.
The fi rst design, the mirror pattern stent, is comprised of fi ve individually meander-formed strut rings and each of them consists of six crowns which are arranged circumferentially around the vessel wall. The crowns of adjacent strut rings are facing each other. The geometrical specifi cations and the strut layout can be inferred from Figure 1 . This stent design was additionally analysed by an experimental investigation employing micro particle image velocimetry ( μ PIV) [23] . The experimentally obtained velocity fi eld and the WSS distribution were used for the validation of the numerical model [24] .
The second design, the row pattern stent, only diff ers from the fi rst one in the arrangement of the strut rings. Here, these are positioned in a parallel, synchronised fashion resulting in a constant distance between the struts, see Figure 1 .
The third design, the helical pattern stent, consists of eight struts which defi ne a helical structure. The helix of this stent model extends to a length of L = 4 D and describes one full rotation.
The most signifi cant design parameter is the angle between the main fl ow direction and the strut axis. To allow a comparison of the stent design types in contrast to the infl uence of this angle as an independent parameter it is kept constant at a value of α = 38 ° in every design. Another important aspect is the fl ow blockage caused by the implemented struts. To achieve an approximately uniform fl ow blockage for all three designs, a relative strut length was defi ned by dividing the absolute length of the strut by the overall stent length. This rate, which was nearly kept constant, can be regarded as a roughness of a wall. For the fi rst two stent designs the relative strut length is about 109 mm/cm and for the helix pattern stent it is 102 mm/cm. Although there is a low variation of the relative strut length between the three designs, the fl uid mechanical comparability is ensured.
Computational domain and model
The discretization of the computational domain is based on the fi nite volume method (FVM). For the mesh generation a custom made MATLAB tool was implemented. The mesh consists of blockstructured hexahedron cells. Furthermore the cells are arranged to form an O-grid. For each stent design a mesh convergence study was carried out. As a quality criterion the total surface area on the wall of the vessel with a WSS value below 0.5 Pa was used. The deviation of the calculated surface was below 1% for a radial resolution of . The symmetry of the mirror and row pattern allows a reduction of the necessary cell numbers by implementing the grid one sixth of the cross-sectional area only. This reduction is valid because the vortex structures scale with the strut size but not with the vessel diameter. The resulting cell number of the meshes are 2.0 million and 2.5 million for Reynolds numbers Re = 160 and Re = 320, respectively.
For the helical stent however it is expected that the vortex formation depends on the size of the vessel diameter. Therefore the symmetry of the stent-structure cannot be exploited for the reduction of the computational domain. The resulting cell number was 6.0 million and 7.7 million for the diff erent Reynolds numbers, respectively. Figure 2 shows a detailed view of the computational domain for the mirror pattern stent as an example.
The numerical simulations were performed employing the open source framework OpenFOAM with the solver nonNewtonianIcoFoam (running in parallel with 8 CPU à 2.93 GHz). This solver is valid for incompressible laminar fl ow of non-Newtonian fl uids. In the computational domain the equation of momentum (1) and the equation of mass conservation (2) in the following formulation were used:
Here u is the velocity vector, σ the stress tensor, f a specifi c external force and t the time. The constitutive equation for the stress tensor is given by:
with ρ = 1050 kg/m 3 being the density, p the pressure, υ the kinematic viscosity and γ the shear rate. Blood is commonly regarded as a shear thinning fl uid. Only for high shear rate values above 100 s -1 it is valid to consider blood as a Newtonian fl uid [25] . But here, fl ow stagnation and recirculation zones are expected to cause low WSS values. Therefore the shear thinning behaviour of blood must be taken into account [26] . In [27] an overview of diff erent rheological blood mod- els can be found. For the numerical simulation performed here the Carreau-Yasuda model is used:
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This model describes the non-linear correlation between the shear rate γ and the kinematic viscosity υ . The viscosity has a lower and an upper limit for small and for infi nite shear rates ( υ 0 and υ ∞ , respectively). The non-linearity is defi ned by the time constant λ and two model parameters a and n . The model parameters are inferred from [28] ( υ 0 = 1.6 × 10 -5 m 2 /s , υ ∞ = 1.8 × 10 -6 m 2 /s , λ = 0.606 s , a = 0.874 and n = 0.486 ) based on the measurement from [29] .
Boundary conditions
Due to the fact that this investigation is evaluating the eff ectivity of geometry variation as a fi rst step, the fl ow is considered to be steady state. Time dependent simulations drastically increase the computational time and will be reported in the near future for selected geometries only.
According to the in vivo situation the representative Reynolds number is set to Re rep = 160 under resting conditions whereas a Reynolds number of 320 is assumed to cover patients under exercise. Re rep is based on a vessel diameter of D = 3.5 mm and the mean inlet velocities U ∞ = 0.16685 m/s and U ∞ = 0.3337 m/s, respectively. The defi nitions of the representative Reynolds number, the representative shear rate and the viscosity are given in the equations (5) and (6): 
At the inlet a fully developed velocity profi le is provided by the Dirichlet boundary condition. For the pressure the Neumann boundary condition is used. At the outlet a gradient of zero is specifi ed for the velocity fi eld. For the pressure a value of p = 0 Pa is assumed. The vessel walls as well as the struts are characterised by a no slip boundary condition for the velocity fi eld and a gradient of zero for the pressure fi eld. For the mirror and the row pattern stent designs the remaining boundaries are defi ned as symmetry planes.
Helicity
For the identifi cation and the quantifi cation of vortex structures the helicity H is introduced:
Here w represents the vorticity vector and v is the velocity vector. For a better comparison the normalised helicity h is used in the following:
The normalised helicity assumes a maximum value when velocity and vorticity point in the same direction as a result of a planar vortex structure and yields values between -1 and + 1 for counter clockwise or clockwise rotation, respectively.
Results and discussion
Flow analysis
For the characterisation of the flow topology streamlines as well as the normalised helicity were used, see Figures 3  and 4 . The position of the start points of the streamlines at the inlet is denoted in the figures. The development of the flow in radial direction is visualised by streamlines coloured green. Orange streamlines indicate the flow next to the vessel wall, e.g., the azimuthal flow development. The normalised helicity is depicted by the contour surfaces in red and blue which are defined by constant values of 0.5 or -0.5, respectively.
For each stent design the flow was simulated for four parameter sets (Reynolds number Re = 160 or Re = 320 and a strut thickness of T = 100 μ m or 200 μ m).
The global topology of the flow of the mirror and row pattern stents shows an independency regarding to the Reynolds number and strut thickness. In the following the flow with Re = 320 and a strut thickness of 200 μ m is discussed as an example because the flow characteristics are most pronounced for this set up.
In the mirror pattern stent the streamlines near the wall tend to follow the struts according to their arrangement. As a result of the mirroring symmetry with an inversion of the strut pattern the deflection of the streamline along the struts is nearly reversible if observed further downstream. This characteristic can also be found for the normalised helicity if detected downstream of the struts. The flow over the struts induces a swirl motion. The rotational direction depends on the arrangement of the struts and is reversible, too. So the development of a global vortex structure is inhibited. Consequently the streamlines in the main flow, in a distance of 3 T and more above the vessel wall, are rarely influenced by the struts, see the green streamlines.
The flow topology of the row pattern stent in detail clearly differs from that of the mirror pattern stent. Due to the strut alignment the flow near the wall is shifted towards the concave strut arc (as seen from the upstream direction) and simultaneously lifted off the wall so that it unites with the main flow, depicted here using orange streamlines. The main flow passing over the convex strut arcs is entrained into the wake of the strut and deflected depending on the strut alignment. As a result a continuous helical flow motion is developing which leads to a mixture of main flow and near wall flow. This helical motion particularly can be observed for the green streamlines.
In contrast to the former two stent patterns the flow topology for the helical strut pattern significantly depends on the strut thickness. Sets of streamlines in circumferential and radial direction are used for visualisation of the flow. The Figure 3 A and B depict the streamlines for Re = 320 for T = 100 μ m and 200 μ m, respectively. In both cases the flow near the vessel wall is deflected by the struts. A strut thickness of 100 μ m, however seems to be insufficient to guide the flow along the struts. The pitch of the induced helical motion differs with 65 ° considerable from the pitch of the struts with 38 ° . Therefore the flow over the struts is comparable with that detected on the former two stent designs. The flow structure for the helical stent with a strut thickness of T = 200 μ m however ( Figure 4 B) is characterised by a continuous helical motion which is limited to the near wall region. At a distance of 3 T from the vessel wall, the flow remains almost straight. The normalised helicity found downstream of the struts is reduced in comparison to the former two stent designs.
The results on the flow topology indicate that helical flow motion can be induced by an appropriate arrangement of the struts.
WSS distribution
The primary objective of the present investigation is to minimise the regions of low wall shear stress to reduce the risk of an in-stent restenosis. Therefore flow deceleration and separation zones have to be avoided to sustain higher velocity values next to the wall. All stent designs have in common that low WSS values can be found down-and upstream of the struts, see Figure 5 . The mirror pattern and row pattern stent exhibit extensive areas of low WSS next to the crowns. Former analysis already detected recirculation zones down-and upstream of the crowns leading even to negative WSS values [13] . In contrast to that the helical pattern stent does not employ any crowns and therefore recirculation zones can be avoided and a favourable WSS distribution is achieved.
Critical WSS
In order to evaluate the quality of the three different stent designs with respect to the risk of an in-stent restenosis, the area of the vessel wall charged with WSS below 0.5 Pa was calculated from the simulation data. The resulting areas were normalised by the area of the entire vessel wall within the stented region. The results can be inferred from Table 1 .
All three stent designs reveal the same general behaviour with respect to an increase of the Reynolds number and the strut thickness. By doubling the Reynolds number from Re = 160 to 320 the area with critically low WSS decreases. This result is not very surprising because the velocity gradients are increasing at the wall with increasing velocity values. The increasing of the strut thickness results in rising flow resistance and a stronger development of stagnation zones. From a fluid mechanical point of view, it can be definitely stated, that the helical stent performs best out of the three observed stent designs. The mirror pattern stent on the other hand shows altogether the most disadvantageous flow field. These results support the thesis that secondary flow and particularly helical flow structures induced by the struts can lead to a favourable intra-stent flow regarding to the WSS distribution and the in-stent restenosis, respectively.
In the following the dependency of the strut thickness on the size of the critical wall area is analysed. For that purpose the area charged with critical WSS values obtained for a strut thickness of 200 μ m is compared to the results for a struts thickness of 100 μ m, see Table 2 . It can be clearly seen that a large strut thickness has to be avoided for the mirror and the row pattern stents because the critical area is increasing by a factor of at least 2.25 by doubling the strut thickness. For the helical pattern stent the factor is substantially lower being 1.57 and 1.04 depending on the Reynolds number. The pitch of the helical flow motion depends on the strut thickness as well as on the Reynolds number. With an increasing strut thickness or Reynolds number the strength of the deflection of the flow increases. An alignment of the pitches of the strut with the helical flow motion results in the prevention of a flow across the struts. The flow follows the struts and recirculation zones are avoided. This alignment is almost achieved for a Reynolds number of 320. So an increase of the strut thickness leads only to a marginal growing of the risk area characterised by a factor of 1.04.
Conclusions
The post-operative near wall flow situation in a stented vessel is characterised by the deflection of the flow at the stent struts. The struts which are essential for the mechanical stability of the stent can ideally be arranged to improve the flow conditions. The aim is to guide the flow along the struts to accomplish a better WSS distribution regarding the in-stent restenosis. The present paper particularly focuses on the use of the struts for a flow control which generates helical flow structures inducing cross flow and subsequently beneficial wall shear stress. Therefore three basic stent designs, the mirror, row and helical pattern stent, were investigated. The fluid is considered to have non-Newtonian properties following the Carreau-Yasuda model. The inlet flow is fully developed and steady state.
Flow visualisation based on streamlines and the normalised helicity is used to obtain the flow topology. This knowledge is essential to implement the flow control by means of the stent strut design. First, it could be shown that the influence of the mirror pattern stent on the flow is reversible. The sequential change between concave and convex strut patterns suppresses the development of a helical flow with a continuous rotation. Second, the row pattern stent was observed to generate counter-directional helical vortex structures over the complete length of the flow field. These vortex structures continuously accumulate rotation by passing along the strut rows. Especially for long stents this effect appears to be interesting. Third, the main flow in the helical pattern stent remains straight but the near wall flow forms a continuously helical flow. The rotational strength depends on the strut height so that separation zones with low WSS can be reduced significantly.
The results from the WSS analysis have demonstrated that flow control by stent design can be one of the keys for a future stent optimisation. In all cases the helical stent performed better than the other two design types. Particularly for stent struts with large cross sections, as in polymer stents for example, this strut pattern is particularly effective. The row pattern stent is also an improvement compared to the mirror pattern stent.
The present investigation supports the method of a specific stent arrangement to induce secondary flow for a better WSS distribution. The pulsatile flow character, however, had to be neglected yet to focus on the effects of the stent design. In a further numerical study the influence of the unsteady inlet condition on the flow topology will be investigated. Additional studies with a variety of physiologically derived geometries are planned including curved and branched vessels. 
